


EVALUAT I ON

This Fina l Report summarizes the work on sing le and two elemen t
Beverage -Intennas. The intent of the effort was to deie lop and
experimentall y ver f~ an expres sion ~or the current aloi ~y a sin g le
B€-~ e~ a-~. antenna tha t ,‘iuuld cor;pIete~ y c~ ara ,.;t eri ze the str sct erc over
a variety of gI~~an’~ paranetc’s and antenns hei ghts typ ic al of thr’ -- e
er- ic. unte red in 0Th rada r syster t s Measurn- ’r’nts on arra y s of two
d e - .-er a c - ’; ar re rnas  ir s the pa ’ ’ He an. ’ endf ire geo net rJes o- .’er the
he i gt ” t ’. and ground scr srlet eo of the s ing le element cei~ s - is -d that
j nt e r e le re r .t ef ~~e r t s  are ~~ t t ie  concert- . A current ox rs re ’sio r l 1O~
these arr,s -.I. was also deve losec and cneckec ag a i n s r  the mc-’~-~u - er’ents .
The st.,.J’. prov ides the basic n~ or”;ation or’ E - c - j e c s - ’.;o an tenna~ f,o m which
syste; pars-r-eter such as ga ir ., lror. .— ’, - r — i . s c k  r a t i o  etc. c~ n be developed .
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King ’s theory  does no t  compare w e l  I w i t h  e x p e r i m e nt a l  d a t a  er any of

the an tenna  hrels’h t s s tud ied  when mois t  e a r t h  is the  d i s s i p a t i v e  rio lun he—
— cause k . : is no t  s t r i c t ly  true and a l so  because of end e f f e c t s . “h e

semi— er -u’  r i  .1 1 an~’roach also shrows p o o r e r  a ’ ’recnent  f o r  th e  noi st—eart h nc:c~—

u r e i - i e i i t - . t h i n  - i r  those  over f r e s h  or  s a l t  w i t e r .  L~ c’ ivc’:, ‘ i t  i s f i c t n r v  agree—

‘ S r i  t o r t i c ’ cu r r c ’n  t and ( ‘I I r f’ e ci le t r ih~rit ion s on rio in an e . cr1 ront a i wi r es at

101 ohrtr -~ up to d / A 1 = ~1, i.’hi le  the a d m i t t - i n c e  is poor  a t  a ! 
~ 

. 1 e s p e c i a l ly

in t o r ’  second and t h i r d  resonances .  ‘n t i c  o t h e r  h a n d , t re r i  —emp irical

- ‘ ‘ - ‘coo- ’: 1001’. agree  w e l l  w i t h  ~-xr- er ~ r-’-n~ ~or t i c ’ dis t r iini ti .’n of c r c r ’ n ’  and

‘n a r ’ t ’ on c o d i f i e d  severape antennae at !o.i g h r ts up to and inc l ’1In’~ ‘ =

c. c y r ’r rioist eartrr . lhir - ’ -i dr’:tt~ rccc of ti ose modifi ed }-c ’v ’r- , - ’  t ‘m r s

~,ic ’t~’S ’,nir1.LjO1i n LI . t i e  suscet ’t ,-rr ,ce a t  all  hieipi: t s greater t : r r : -  = . 02.

:s ~:it erosting to note that , ai ti n-un! :~~ > I For mo iSt oa’ n: ~ f l ( i

at much lower f requenc i e s  f or  w ) i :  ci p~ = 0 / W E  1-eeoc ~
- - .

i , i r c ’e r and th e  e a r th  acts  r ’n r e  l i r e  a c o n d u c t o r , t h e  con d i t i o n  - >>

can  he obtained for ru st cart).. T’ndc r t i-se t-ondi lon e , one c c .  ‘x : n c t  1 ) - n t

~~1:i ‘s theore w hold in a m e n t O r  ar,.~looous t i ’  the wat,:r cases.

~~. dad .~a t ion  j e L L !

The resuj , Ls of a t,ieorc tinal ,ar,d eXt’ rinontal investigation of to-

t r ar , sr n t t i : i ”  and r e c eiv l n c  “r o p e rt : e e  ( f a r — f I e l d  r a d i a t i o n  n a t t c ,’r n L )  of c o n —

Z c . t c t a l — W i rL a nt e n n a s  p1 - i c on  over an i r ip e r fe c tl” conducttnc’ half—space have

c’en re por ted [“ The tue v n r e o e  h~;ivc A n t c r n n ’ c :  t ad iat lot Fiel d P a t t e r n  - .
“ Y :  it - c—

tific Report No. 2 , RAOC/ETER oritract Fl9fl’—~~u— (— )057 , i v  d . ~:. S o r : - e l l o ] .

Particular attenti n ~s given in toi s report to tin’ Beverage wave antenna.

Early ‘w o r e  by Sommerfeld snowed teat tan rad~ a:ion ron a nr r ’oie a~~-o y e  an

tmra.ir fect earth could be separated into a space ~ ,‘rv~ (which conic reflect off

r i o  ionosp here and wiii ci~ predominates at lar~ e distances above fl’ earl):) and

a su r face  wave (which could d i f f r a c t  around th e  c u r v a t u r e  of t i r e  e a r l .  and

w h i c h  domina tes  close to th e  st r r ~ ,~ce • Because o~ LIc e h i t  f C r l l L l n S  i n v o l v ed

in solving the Sommerfeld rntepral formulation , as~nptotic approximations

valid in the radiation zone have gene ra l l y  been employ ed to solve t h i s  n r c r i — —

len . The u s e f u l  approximate  ferri s d e v el o p e d  e a r l i e r  by Norton have beer. us ed

in t h i s  s tudy , the only difference being that in t i ~e p resen t  a n a ly s i s  the

exact expression s ~en Lire antenna curr”r:t arc ’ u sec  r a t h e r  than  an assumed

— curren t  d i s t r i b u t i on . An e x p r e s sin r :  ‘ or “he sp ace—wa ’.m r a d i a t i o n  p at t e r n  is
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~~ f o r m u l a t e d  us ir i f a “ geomet r i c  o p t i c s ” a p p r o x i m a t i o n , whi le the  s u p e r p o s i t i o n

p r i n c i p l e  is used to  s u m  t h e  f i e l d s  of Individua l i n f i n i t e s i m al  d i p o l e s  to

oht ai i r  t i r e  s u r f a c e — w a v e  radiat ion pat t e r n .  Fxpre t ~s ions f o r  a number  of use—

(ii an tt-nli ,r p a r i r r e t e  r’; (ef  f i c  t o n e ” , f r o r r t — t  o~ h ad  r a t i o , a n t e n n a  g a i n , and

e~~ fe c t  lye  l e n r ’ t h r )  I r e  then  d e r i v e d

A se r i e s  of e x p e r i m e n t a l  r ’e ’as t rr crent s  ‘o r e  r” :rde b o th  to y en ~~~ t i r e  a c—

cu racv c - f  t i r e a p p r o x i m a t e  t h r e o r e t  i ca l  f o r c ’ r l  at  ion and to v on f ’ t h a t  t i r e  asvrrr —

r ’et r i c a l lv  ( I r iven , mod i f i e d  Beverage  an t e n n a  can h e  used to ob t a i n  u n i d i r e c -

t i on al  su r f a c e — c -av e  and sp ace—t .’ave r a d i a t i o n  p a t t e r n s  t h a t  are  e n r i i v a l c ’n t  to

t h ose o~ t i re  c o n v e n t i o n a l  Beverac ’e an tenna . I l ea su re rro n t s  were  rr a c ii ’  o~ t i r e

v e r t i c a l  component of t i r e  s u r f a c e  wave ( t h e  m a j o r  f i e l d  corip onen t in t i r e

r a d i a t i o n  zone) of modified Beverage antennas , 1 .fl
~~0 in  l e n g t h , placed at

— 
hei gh t s  r a n g i ng  from d / A () 

= .0 1 to d / A () 
= .2 5  over f r e s h  w a t e r  (E r 

= Ti =

.062 mh o/m)  and dry  e a r t h  (c = ‘~.1, o = .0013 echo/ ri ) . The o p e r at in e  fre-

quency of 144.06 !t Jlz used in t i re  e x p e r i m e n t a l  m odel  cor responds  I - ”  a sca le

f a c t o r  of 5 to a f u l l — s c a l e  f r equ e n cy  of 30 : O’ z .  flesc ri p t i o n s  are r i ven  o~
tire  exper imenta l  a p p a r a t u s  includ in g the  special  p o l v f o a n r  suppor t  st r u c t u r e

an(l b alun requ i red  in order  to d r ive  a sym m e t r i c a l ly  t i r e  m u c ( i i f i e d  Beverage an-

t e n n a  ove r both  ea r th  and wa t e r .

The a b i l i ty  of the m o d i f i e d  1~everage an tenna  tru ~arrn ch a u n i d i r e c t io n a l

su r f ace—wave  r ad i a t ion  pattern is d early evident. In rise over both f re sh

wate r and d ry  e a r t h , f r o n t — t o — b a c h :  r a t i o s  of 2 1) dP  can be o b t a i n e d .  The rain

rad ia t ion  lobe is qu ~ te  broad w i t h  h a l f — p o w e r  h e amwi d t ir s  of ab out  SO’ . Al-

though no measurements were made to confirm ti n s fact , unidirectional char-

a c t e r i s t i c s  should also ire e x h i b i t e d  in t i r e  spac e—wave  r a d i a t i o n  p a t t e r n .

The conclusion is reached t h a t  m o d i f i e d  Beverage an tennas  shou ld  i - e  e x c e l l e n t

e lements  in h igh ly  d i r e c t i v e  b roads ide  a r r ay s .  Measurem ents  made to deter-

mine  t i r e  e f f e c t  of the  a n t e n n a  spac ing  and t i re crope r ti es  of t h e  ha l  f — s p a c e

on the rad ia t ion  pa t t e rn s i nd i ca t e  1) that when properly m a t c h e r !  the  v e r t i c a l

su r face—wave  pattern appears to be f a i r ly  i n s e n s i t i v e  to c h r a n g e s  in h e i gh t  in

the  .01 < d / A 0 ~ .1 range and 2)  t h a t  for  < / c ~ = . 25  a s i g n i f i c a n t  loss in

d i r e c t i v i t v  is not iced alon g wi th  ch anges in the rchape of t i e  p a t t e r n  at

0 ° . These seem to he attributable to the changine nature o f t i r e  a n t e n n a

c u r r e n t  d i s t r i b u t i o n  from one t h a t  is p r e d o n i n a n ’ lv  t r a n s m i s s i o n — l i n e — l i k e  t o

one more c h a r a c t e r i s t i c  of an a n t e n n a  in f r ee  space.
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C. Theoretical Refinements

A~; i nd i ca t ed  e a r l i e r  in t i r e  d i scuss ion  o f the circuit properties , the

use of a m easured  e f f e c t i v e  wave number  did not  p rov ide  as s a t i s f a c t o r y  or

c o m p l e t e  an e x p l a n a t i o n  of t i r e  d i s c r e p a n c i e s  b e tween  t i re  measured and p u r e l y

t h e o r e t i c a l  r e s u l t s  as h er d been hoped.  A number of t h e o r e t i c a l  and experi-

men ta l iny es t i g at i on s  were per fo rmed  consequen t ly  to  resolve t h i s  prob lem.

Th ese are descril ’ed in Sec t ion  1.3 of S c i e n t i f i c  i t epo r t  Ito. 1 (Vol .  1). A

sumnarv of tire m aj o r  deve lopments  fo l l ows .

A closer examinat ion of t i r e  prob lem by P ro fe s sor  T. T . Wu led to t i re

pos tu la t e  tha t  as lon g as m i d  remains large , t ire t r a n sm i s s i o n — l i n e  form of

the curren t will be valid and t i re  t h eo ret i c a l  expression (1 .7 )  wi l l  give the

correct wave number. If true , this would replace the more restrictive condi-

tion on d g iven in ( 1.3c) and would sugges t  that  th e  observed d iscrepancies

are not  due to d / X 0 being too large.  An experimental  procedure was developed

to verif y th is  pos tu l a t e .  In order  to e l iminate  all  in f luence  of end e f f e c t s ,

t u e  decision was made to use shor t—ci rcu i t  t e rmina t ions  since the imag ing ef-

f ec t  of t ire shor t  c i r c u i t , whereby the  antenna appears to be doubled in

length , provides a termination with almost  ideal characteristics. With open—

ended antennas th i s  could he accomplished only if the wire were infinitely

long. The measurements  were made on terminated antennas , 1 .5A 0 
in length ,

placed over a fresh—water solution 
~~r 

= R2 , o = .092 miro/rr). Tire short—

circuit termination was made out of a large 4’ by 4’ aluminum sheet. Tire

cumulative effect of the two image planes , the one against which the antenna

is driven and the terminating plane, is to create a successive series of

images t h at gives tire appearance of an i n f i n i t e l y  long antenna.  I f  Wu ’s

postulate is correct , the measured wave numbers should agree with tire theor-

etical results obtained from (1.7). The agreement is found to he excellent

with less tlran a 5% error occurring for spacings up to d/X
0 

= .25. Addition-

al measurements made on finite antennas indicate that for values of hid ~ 10

i t  Is possible to use I’Iinp ’s theory and have ( 1 . 7 )  give the correct  wave

number.

It fol lows from these measurements  that  end e f f e c t s  are indeed tire pri-

mary cause of the disagreement originally found between the theoretical and

exper imenta l  values of cur ren t , ci rarge  and admi t t ance  fo r  loaded and unloaded

h o r i z o n t a l — w i r e  an tennas  over an i m p e r f e c t l y  conduct ing  h a l f — s p a c e .  In fac t ,

7
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it can be shown that these end effects are  r e l a t ed  to the  actua l radiating

mechanism of the antenna. In 1~ing ‘s ori g inal t i r eorv  the wave rr unr r er f o r  t i c

antenna was derived with the assumption that radiation into the air is negli—

g ible compared to radiation into tir e dissipative medium . ~i~en d/A
0 

becomes

sufficiently large and tire influence of tire half—space )-egins to diminish ,

the antenna can beg in to r a d i a t e  a si gn i f i c a n t amo un t of enerc’v into the air.

This added loss can be observed in the measured effective wh i c a  is larger

t uan  tha t  n r e d i c t e h  by t n e o r v  f o r  d / A 0 
> .05. Because an a n a l y t i c a l  s o l ut i on

promised to he too curiO lox , t h e  following experimental approach: cer~ ,:e v e l o ced .

For d/ .~0 
n t  too - ‘re - r I , t in’ loss associa ted  v i t h  c a d  m l  io n  : n t c  t~ - d r

can be accocn tc 1 f o r  hv a conilex t e r m i n a t i ng  im r - c h a ~-.ce 
~~ 

the —ro l : — a r t  c c

which  the resistance associated with radiation I n t o  the n i  — ~-‘fl l o  - ‘ -  i n —

ag in arv  pa r t  is he r e a ct  ‘ :- - e a s s o ci ot ed  w i f i  th~ c -r-’ --rc l i v -  -‘n d of  se c t  a’

tu e  open end. The cr~~-’ in - r ~ t i reoret ~ -c l  ~~‘rr”las f ir  t h -  - - - r ~~ ” I, ch .- i ’r e  an d

a d m i t t a nc e  ‘-:c~~e r ad ici e : I  to i n c l u d e  t h e  c cnrpl py tory-m d -rnr t irn =

-s
p — i = ce t h 1

(Z / 2  ) . A :‘orrnutc~ prci’rai~ to ‘ : cc ~ fir’ a le a s t -
5 C - -

5-Tinares fi t o~ th~ mc ,as ir ’d and t i e or e ’ i i - r ’.l r o rr e -  d i  r~~’- : ~~1cS r s n’as 11iec

developed.  t~ith the ~ and ~ values dot-drriined nnre ricel lv fr -’r’ ih ~’ re as—S S

arch data , t h e ne~; s e m i — e m p i r i c a l  thee-n’-’ ‘:a~ cornered :i several  c -r o e s

“r~:v1o-i slv mean- n r c - h  dat a  f o r  all three  ‘e ”ia .  ~n al1 cases cc :Jv the t-ceC~ e -

ical va ues ~or k
L 

r i v e n  i v  (1.7) ~ere ‘ns~ d .  r g= c - L e ~~ e s b —  - in c  s-r I  t — e - ’ c-

mea s u r em e n t s  t ee  agr eeroc t  is very rae ” . ft ~ho ‘~~ i’~’inO—pc- ’’~t t ’e ~~i’ i - s  ‘ — ‘n-

variation wnich t e nd s  to i nc rea se  n i t h r  d / A 0
. T~ is i s  t~ ho e-~r~’~~ted  ~~ ‘:c o

the semi—emp irical t ) oerv  does no t  inc lu de  any correction s fn~ j n i n e n fin e~ —

fects. Discrcr eer ’en t also ocr’rrrs in th re aer~~t t a n c r ’-  curves c’ ne c ’  = .2’i ; i

appears tIn t at t h i s  heic ’i ’ t a hic ’he ’~~n r d . -”- t i e r r v  is nc ’~-es~~a r”  ~‘~r t n o  ‘u d r c

t ance .  ~1n d ) i v , fo r  t h e  mnist— ~ ar t! mea srIroecenrI a ~n r r e - t ~~ni’ t ern  to  (1.7)

remains to he ccc~’oloped which w n n i l d  provide t l r c o ~- r - t i c a l  r :~~’e n ,r r h e r e  in

ag reemen t w i t h  m e a s r r r c r ’e n t s .  Once an an n r - a t c ” n ’ 1” ’ i c  c~vr~r e s si e  ~~~~~~ ~~~~“

wave numbers  is known , fir new seri—enip ir 4 r ’r l t h o rn ’  S r co~: l - 1  ~~c’

f o r  .02 < d/A
0 

< .2 5  oven when c on d i t i o n  ( ‘ . ‘~1~ is r n ~ o t r i r t 1 v s t ~~c ’f ln -

Tire usefulness of the  t e r m i na l  function in  ext -nd  i ng  t i e  t }cr- ~~r ’,’ • a

er antenna heights Is demonst r a t e d  in t i r e  ~o ’ l or- - I n ”  -‘-rne r rd ’icir c- ’r’-’crrec ’ t ire—

orv and experiment for slror t—c ir -’n i re d (e cfocriv olv in finite ) , o~’o n — e n r ! c ’d

(finite) and terminated (t s ’v er ac ’c ’)  an t e n n a : -  over f r - - inc  and salt ~- at- ’r .

8
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D. Tire Horizontal—Wire Antenna Over a Dissipative Half—S pace :

Ceneralized Formula and Measurements

It is shown and verified by experiment that a horizontal resonant or

traveling—wave antenna placed in air close to a dense half—space with the

properties of lake or sea water or earth behaves like a terminated lossy

— transmission line . Tire terminal  impedance is related to the r a d i a t i o n  of t i re

antenna into the air and the complex wave number and characteristic impedance

are those of an infinitely long line. The complex wave number takes accoun t

of both dissipation in and radiation into the dense half—space.

* **

1. The Infinitely Long Horizontal—Wire Antenna

It has been shown [1] that tire infinitely long horizontal—wire antenna

sketched in Fig. 1(a) behaves mathematically like the transmission line in

Fig. 1(h) when, as indicated , It is placed in air close to a dense half—space

like a lake, the sea , or tire surface of the earth whrere this is moist. The

equivalent  transmission line is character ized by a complex wave nnrrr i rer  k
L 

=

— ja
L 

and a complex characteristic impedance 7~~ Simple formulas 5or k
L

and Z
c 
are given in [1, eqs. (28) and (30)) subject to the condition

k
~~

I ‘~ lk~ I (1)

where k
4 
is the complex wave number of the dense half—space and k2 = ?-~~ u/c

is the real wave number of air. A more general but also considerably more in-

volved formula for k
L 
which is valid when Ik~/k~I > 4 is given in t2 , eq.

(10)]. When (1) is satisfied , radiation into the air is negligible and the

attenuation constant takes account of hotir dissipation in and radiation

in to  tire lower h a l f — s p a c e .

An infinitely long horizontal—wire antenna can he approximated in prac-

tice by an antenna of finite length between two sufficiently laree vertical

9
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FIG. 1 (a) INFINITELY LONG HORIZONTAL-W IRE ANTENN A
PLACED IN A IR OVER A DENSE HALF—SPACE.
(b) MATHEMATICALLY EQUIVALENT , INFINITELY
LONG LOSSY TRANSMISSION LINE.
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groun d planes as shown in Figs . 2(a) and 2 ( b )  f o r  two methods  of d r i v i n g .

W i t h  t ire images in t ir e  g r o u n d  planes t ir ese  s t r u c t u r e s  correspond to i r r f i i r i t e —

— lv lon g , multip ly driven and multi ply loaded antennas . In Fig .  3 a re  shown

in solid l ines the theoretica l phase constant and a t t e n u a t i o n  constant

fo r  t 1 re cu r ren t  on the h o r i z o n t a l  monopole shown in F in ’ . 2 ( i ’)  at  a h e i g h t  d

over wa te r  w i t i r  r e l a t i ve  permittivitV C
r 

= 82 and c o n d u c t i v i ty  -
~ ~~f lq~ S i/ r n

a t  f = Sn) 1) t l i i z .  W i t h  7. = I) in Fig.  2 ( h )  t i r e  monopole  “as t e r m i n a t e ’)  in a

rre a r i v  p e r fe c t  sh o r t  c i r c u i t .  Tire C( “r e s p o n d i nr  measured values o b t a i n e d  as

de- , - r i h e c i  in Sect ion I I I  are sirown in Fi” . 3 ‘ov sma l l  c i r c l e s . ‘
~~~s s ’ ante . ‘n’

i s  seer:  to  be exce l l en t  over t h e  ran ee fl ‘ d / A 0 
< ~ .1 ~. ‘ i c ’a s t r -  ‘ ‘ - :15 c . ,’~~,-

also made at d / A 0 
= 0 .25  where  the  t i r e o ret i c al  v a l u e s  are : 1 / F 0 ~ 1 ,

-i~ / r
0 

= ) .0o t , ( l ; the  corresponding measured v a l u e s  are 
~L’~~

) = . Lih/ ~, c
J
/ i : ln 

=

. L’~h0 w it s  1, ,, = = 2c rn ’. I t  is seer , that f o r  ) r o r i z o n t a ) — w i re a n t e n n a s

t erminated in shor t  c i r c u i t s  at b o t h  ends (‘-round planes  p e r p e n n h i c u l a r  to  the

w i r e  and t h e  dissinative half—space ) the trarc snission—line f o r m  r i v e n  in ( l~
y ie lds exce l l en t  re~~c 1t s  fo r  1’

L 
= — j

~ 
at  l e a s t  when 0 d /~~~ < 0 . 2 5 .

The f o r m u l a  f o r  t i r e  cur ren t  at a d is t ance  z f rom t ir e  base of a n s i c op o l e

w i t : :  a s h o r t — c i r c u i t e d  end is

1( z ) = — j V
0 

cos[i : 1 ( i ’  — Iz~ )] /~ s i n ( ’e 1
i r )  ( 2 )

(F or Ice d ipo le  5 : :Ol- ’fl In F i r .  2 ( a )  bu t  w i t h  = (1 t i r e  same formula  ;r n r l  i n - s

an added f a c t o r  2 in t i e  denomina to r . ) Theore t i ca l  graphs  of the cur-

ren t 1(z )  Fiven liv (2)  arid t i re  charge  per un i t  l eneth  q ( z )  obta ined f r o m  ( 2 )

wi  t F :  t i re  equa t ion  of c o n t i n u i ty , ~I ( z )  I n c + )~~n( ; :) = (1 , are shown in Fi p~~. 4a

to 4f fo r  d / A 0 in t h r e  r ange  f rom 0. Pl to .25 ;  A 9 = A 0 
= 2

~
T / i

~~ 
is tire wave—

length in a i r .  Tire J e n o t h  of t i r e  mon op ol e  between t i r e  ve r t i ca l  ground  p l anes

is i n = l . 5A 0 . The measured po in t s  in t i r e  d i s t r i bu t i o n s  of h~~th  c u r r e n t  and

charge  per un i t  l ength  are in exce l lent agreement  wi t i r  t ir e t h e o r e t i c a l  curves

over the en t i re  ranpe 0 .01 < d / A 0 
< fl .2 ’ . Tirese grap hs in con j unc t ion  w i t h

tire a t t enua t ion  and phrase constants  in F ir .  ‘3 p rov ide  bas ic  i n f o rm a t i o n  fo r

understanding  the operat ion of t Ire s i r o r t — c i r e n r i t e c i  h o r i z o n t a l — w ir e  an t enna

over a general medium — in tin s case , wate r  w i t i n  
~r 

= ~2 and a c o n d u c t i v i ty

o = 0.092 Si/ rn  which Is only s l ig h t ly  above t h a t  of lake wa te r .  At f = 300

MHz the loss tangent  p = 0 / n s f  = 0. °(~ i n d i cat e s  t h a t  the  wate r  behaves l ik e  a

very rood d i e l ec t r i c .
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i- :it h d / A 0 = 0. 01 fo r  wi n ch -r /~ 
= 0 .147 , t Ire  c u r ren t  and clrar c ’c er

u n i t  l eng th  in Fi g. 4a ir ave a low s t a r r c l i n p — w a v c  r a t i o  (S~i~ ) s i t h a n e a r l y

l inea r p irase as a consequence of close  c o u pl i ne  t o  t i : ..c ad j a c e n t  w a t . - ~ and t is-

transfer of much power into it. W i t h  d / A
( )  

= 11.02 ann ! ‘r 1
/ f ~1 

0~ 0 1 - , til e S l - n ~
Is considerai,lv larger. It r ises rap id ly as d / ) 0 is increased to 1 .0 5 w i t h

0.039 and then to d/A 0 
0 .10 wit)’ :n~ / P ~ = 0 .0 18. F i n a l ly  when () / A

0.13 and 0.25, a /~~ 0.013 and 0.006, tIre SWP is i n ipi n — n e a r  30 f o r  t i r e

large r ire igirt. The distributions of current and cha rge  arc-  lik ’ those  on a

low—loss transmission line with little power transferred to tIre water ,and

radiation into the air quite small. Tine rap id changes in the distributions

of current and charge as tire heigint of tine wire is increased from d/A
0 

= (N O )

to 0.05 and the slower clnarrpes as cl/A
0 is further Increased to (

~.2 5 are a

consequence of tin e decreasing coupl ing between the  antenna and the  water—

f i l l ed  ha l f—space .  The e f f e c t  of t i re  p r o x i m i t y  to the  w a t e r  inc reases  rap i d —

ly wiren d/A
0 

is smaller than about 0.05 as seen In F ig .  3 in t I n e  “rap t i s  f o r

and 8L’~ 0~ 
Since the wate r  Is ac t ing  l ik e  a d i e l e c t r i c , nes t  of tine

power t r a n s f e r r e d  to it from tine an tenna  is no t  d i ss i pa t ed  l o c a ll y  in conduc-

tion currents  hut  t r a n s m i t t e d  over large d i s t a n c e s  as r ad ian t  ene rgy .

2. Hor i zon t a l—Wire  An tenna  of F in i t e  Lengtlr

When a center—driven horizontal—wire antenna of finite length 2ir and

wi th  open ends is located in a i r  above a dense !r a l f— spac e  as sirown in Fi g.

5(a) , radiat ion into the air is negligible only when h~~1~ 1 , i .e., the

height d is a very small fraction of a wavelength of the order of d/A
0 

0.U;.

Furthermore , when d/ A
0 

> 0.05 , radiation into the air , unlike radiation into

the adj acent dense irai f—sp ace , cannot he inc luded in t i re  a t t e n ua t i o n  cons tan t

as a distrib uted load. Howeve r , if ti re height d / A 0 is not  too la rge , i t  can

be appr oximate d by a terminating load 7 across each open end as i n d ic a t e d  in

tine equivalent  t ransmiss ion—line  c i rc u i t  shown in Tic! . ~(1~) .  S i m i l a rly , the

equivalent  c i r cu i t  for  the  ho r i zon t a l  monopole w i t h  open end [Fig .  2 ( h )  w i t h

Z~ = 0 and tire ground plane on the ripirt removed] is liI’e t h a t  In rjp ~ 5 (h )

w i t h  the t r a n sm i s s i o n —l i n e  sec t ion to t i re  l e f t  of t in e  c ’en e r a t n r s  r ep laced  by
a s i ror t  circu i t .  Tine current  d i st r i b u t i o n  1(z)  on t i re  t e r m i na t e d  l i n e  re—

main ing on the  r i gh t  in F ig .  S o n ) Is [ 3 1:

1(z) j V0 sin [k 1 
Or — z i )  — j e ) / 7 .  co s(k

1
ir - I~~~~) (3)
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(For t i re  c e n t e r — d r i v e n  l ine in F ig .  5 (h) the same formula applies with an

added factor 2 in tire denominator.) In (3) It is tire lengt lr of tire line and

0 = r + j -
~ coth ’(7 /Z ) is tin e complex terminal function . Tine real

p~art of 7, is the resistan ce associated witir radiation into the air , the
S

im a r i n a r v  p a r t  is t i re  r e ac t ance  a s soc ia t ed  w i t ln  t i re  c apac i t i ve  end  effect at

tire open end .  Tire cor’plex tcrriinral function ‘1 f o r  t i r e  c i r c u i t  in Fig .  5 ( h)
S

as not been de te n -n ined a n a l y t i c a l  lv , (n it  it can i - c  nh t a i n ed  by m e a s u r e m e n t .

Tire current alon c’ t i n e  antenna shown in F I g .  5 (b )  i n ,  detn ’ri- ined by six quanti-

t i e s , vi:~.,  t ine  real  and i m ag i n ary  p a r t s  of the c&n r il ex wave number kL, t i re

real and i n n l c i n r A r r y  p a r t s  of t i n e  complex  t e rm ina l  f u n c t i on  0 , and t h e  ampli—

t ud e  and p irase of t I re  v o l t a g e  V0. These six par~’nr eters can he adjusted to

yi eld  a good m a t c h  between t i re  e x p e r i m e n t a l  da t ~a f o r  t i re  curren t and the

theoretical formula (3 ) .  ( A l t e r n a t i v e ly , t in e or e t i c a l  values  of (Z
L and P.

1 can

he used and t i e  ~-n t i r e r  four  paramete rs  a d j u s t e d  to o b t a i n  a good f i t . )

The values of a , , p and ~ obtained from the  c u r r e n t s  measured on aL L s s
h o r iz o n t a l  rnn on opole ~ i t }r  open end ove r the  same wa te r  used w i t h  t i re  monopo le

t e rmina ted  in an ideal shor t  c i r cir it  are also shown in Fig.  ~ . The points

c a l c u l a t e d  f rom t i re  measured da ta  are shown by crosses . It is seen tha t  t i r e

values of and a
1 are in good agreement  w i t i r  th eory and w i t i r  measurements

for the short—circuited antenna. However, wi th the open end the  values of

and shown in Fig. 3 were also obt ained . With a short—circuiting ground

plane at the end , 
~~ 

= 0 and ~/2. Note that if wit ir tine open end radia-

tion into the air were ignored , tine quantity rr~ = a
1 

+ p / h  would  appear  as

the attenuation constant. This -.ields the c lo t t ed  curve shown in F ig .  3 In-

stead of that in solid line. Wiren d!)
0 

> 0.05, tire apparent attenuation con-

stan t increases ra p idly to values that are much larger than A similar

error would be made in if = + were treated as the pirase con—

s t a n t .  It is clear , t ine re fore , t h a t  when a horizontal—wire antenna inas open

ends or is terminated in any impedance other than the ideal short circuit

provided by large ground planes , the more general formula (3) for the current

must be used. This reduces to (2) when e , ~ 0 , as when d / A 0 Is s u f f i c i e n t ly

small. Typical graphs of the curren ts on a resonant and a traveling—wave an-

tenna are shown in Figs. (n and 7 , respectively. The antenna was l.0A
0 

in

length with a resistor and quarter—wave section added for tire traveling— wave

case. Theory and neasnirements are acain in excellent agreement .
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Crap irs of t i re  t h e o r e t i c a l  v a l u e s  of n
1 / r ~~ and 

~ T /~~ f o r  an itrfi ini t el v

long antenna and tire values do tot-mined fr o r - t - r’ -easnire d n - u  r rn ’s  t s t.- i a - t n  1 /;  =

1.5 fo r  a inronopole w i t i r  open end ove r s a l t  ~- a t e r a re  sh own i n n  t’ j n ’ . h t I c s - t i .  r

w i t h t ine  a s s o c i a t e d  t e r m i n a l  f u n c t i o n s  r a n r d  . ‘i n -  ( r u a n t  i t v  (s  /~-s s
/t - 0

h)  is also shown . Ti m ’ agreement  fo r  
~ 

/P~ Is good f o r  t hn - • -rrt iN ’  r at  n~~’

0.01 d/A 11 
< 0.15; tine d i f f e r e n c e  be tween  t l r ~ t heo r et i c a l an d r n e ; e ; n n r e d  values

of is near l~~.

3. nesc r ipt ion of t i n . ’ Fy p e r  ir -on t

Dis t r ib u t  ions of c u r r e n t  and chr ar r ’ e per  n i n n i t  l e n g t l n  we re rea~ u red a l o n g

an antenna extended horizontally from a vertical aluminum rronnnd I)l afl( at a

ir e ig i r t  d over a large t ank  f i l l ed  w i t h  w a t e r  as sketched in Fi g. ~~~. Tire an-

tenna was var iable  in l e n g t h  and made of brass  t n n b i i r g  3 rn in o u t s i d e  diam-

e ter .  I ts  end was l e f t  open fo r  s t i e l v i n c ’  a resonant  a n t e r r n r a ;  i t  was co r n—

nected to a suitable resistor (220 , 2711 or 310 o}ir-ns) in series w i t h  a q u a r t e r —

wavelength section of brass t u i n i i r p  .o obtain a traveling—wave antenrr a, and

d i r e c t ly  to a second ve r t i ca l  m e t a l  g r o u n d  p lane  wir en a si r o r t  c i r c u i t  was

needed. In orde r to make r e f l e c t i o n s  f rom t i r e  w a l l s  and b o t t o m  of t i r e  t a n k

n e g l i g ibly small , st . f f i c i e n t sa l t  was - - i x e d  w i t i r  t i re  w a t e r .  W i t h c = 0.092

Si/nt — a value only sl i g h t l y  higher tinan t h e  c o n d u c t i v i ty  of some lakes ,

e . g . ,  My s t i c  Lake near  Cambr id ge , “ass , w ith i = (~~~ ) (  Si /m * t i rc  t an i b e hav ed

substairtially like a d i e l ec t r i c  at t i ne  o p e r a t i n g  f r e q u e n c y  f = ‘3110 ‘flz Sin c e

the loss t a n g e n t  p = O/ w r  = 0 . 067 .  ‘s ore s a l t  was added  to make ‘~ = 3,11

S i / r n  for  measurements  over t h e  e a nn i v a l e n t  of sea water. Tire Ircig irt d o~ t ire

antenna was varied ove r tire values (1/A
0 

= 0.01 , 0.02 , 0.OS , 11.1, 0.13 asd

0.25 .  D e t a i l s  of t ine  c o n s t ru c t i o n  of t i re  grou nd  p lane  and the  w a t e r  t ank  are

given elsewhere [4).

4. Discussion of R e s n r l t s  and Conc lus ion

Excellen t agreement between the generalized transmission—line formula

and measured da ta  has been ob ta ined  f o r  t i r e  an tenna  t e r m i n a t e d  bo th  in a

ground plane and in an open end.  Ri t h  t i re f or m e r , r a d i a t i o n  In t o  t ine  a i r  is

nep,l i g i ln l e  when d / A 0 < (3.25 and hr = l.5~~~, and v i r t u a l ly  the  entire transfer

of power is f rom t i re  an t enna i n t o  t i n e  a d l a c en t  e l e c t r i c a l ly  dense nedirrr~
where  i t  p r o p a g a t e s  as o u t w a r d — t r a v e l i n g  e l e c t r om a gn e t i c  waves when the
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dielectric propert ies of tire medium dominate (0/uc <c 1) and is dissipated by

local conduction currents when tire conducting properties are s u f f i c i e n t ly

large (0/cc >> 1). Witir tire latter , a small but sienifican t fraction of tire

power in the antenna is radiated into the air. Tire relative importance of

tire radiated power in the air increases with d/X
0; 

it is general]y negligible

when d/A 0 < 0.05 and is adequately represented by a t e rmina l  impedance when

d/A 0 < 0.15. When d/A
0 

is sufficiently large , the simple terminated trans-

mission—line form (3) for the current ceases to be adequate and the distribu-

tion characteristic of an isolated antenna is approached [5], [6]. Tire

t rans i t ion  has not been inves t iga ted .
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[II. ‘R IT TRm )_EJ~~’q ‘:T ‘3 - t ( 3

A heoretical and exnerinental invest i c ’ a t i n - mt:  of’ t i e  ci rn - m i t  S r  -~~ i n

of c e ” i : - 1, - nJ  mnrriz onn t:mJ — ~- i  r n  an t  n 5 55 ; t S  above art n - l e ct r i c n l  l v  dense d~~’;s i s i t  ~~‘ ‘ -

s r i  _ m ; 1 n n c 1~ }ra ~; h n - & n (‘ (lflt’ l e t n -  Ti ~ (‘ r t- n o n  A t~ - n - theory m 1 r- v i ~ - ” c - d ‘ ‘~ n-

on~~ l c i  ~. - r,il1~’l l i n r i z o n t a l  a n t e n n as  is nroseptn ’’m - r rm d r (nn-’”;n~n ~- ‘~~ 
• 

~~( l l  - r n —

r n - c - i n  t : - : :m n oir c o n r n ’ 1  n ’d i n t  ennas n~~’Cn fre-l i — and sal t — - i r . 5r 0 3 1 1 t  ~~ -

t i n ’  -j r  1 id lv of t i r e  si mn e t :ee rn t i c a]  fo r r ’nr i  as is confirmed , t (S r i  i n n i  l v

n - - n -~n s m : r ~ rn- s it ; ove r ar m actual e a r t h  were  n c , ,~-p0 nlnnner e ssa rv . A h r i e *

de scription of mean- m r o ’ - r m t s  rv nn h -  on tr- e c o w l e d  col~ in s  r~~~ Pe- r e r : n - ’ n- flin t e n n n r s

th e n  1 lot’s in Se’ti oti n

A . ( Omr’SL cn;i Hot-i :‘ontal—\i i n- An en-nrc-i (nvn-r a Cnnd ;n ct i n n -  or P m  o or  t n c

In -ri f—S pace

i l m e  I n r e n e r t  ius of t n - n m  coup n~~i i m o r i n - n i ; t : n l — w i r c  a n t en r n a s  o v n - r  a n or -o n -one—

er r s  iSO tr ( p~~c - i l  f— A ;r’mlce ar- - r~~~T 1 V € d . Tire - o n : m l e z  wave  r n m n r ’ ~ - m r , d i s t  n - i i - m t i c ~:

o~ - n m r - t-i m m r ,., sun: m l s n i t t i m ; c - m -- o f  tire antennas are detn -rr irm cd ~or -~ - t r i c i  1n

a n t i ’  v 1 ; r - n s t r ’  n - m i  excitat ions . ‘me v- ly e  n~i r - I  ‘r of the Lii n- 5 g, i cp  is fl ~~ 5 i m r -~ -d t n

n- c lax - - - ‘r  “5it u:~e - - c ~n - 1 - a r ( -  w i t h  t L n t in a i r .  TIe th -nrv r: ‘ j r  cc ’’ I n c I

i r O r i z O f l t d — Y r r e  a nt ( - sn n ,s i i-; n ’ y t n ~- ; m c n d  t~c t a l  ~ - a c c o u n t  of  n- fl i n t  ion o t i  c

air and so en large i t s  r-rn ’-(- of v-i l i- tm i t ’ . ’ y } n j i , - p r e s e r v i ng  t i m e  r r a r s r i s s i m ’ n -~

line fort-i. Th is is acror’plis1ncd i-v incorporatinc’ tire effects of t i ;  r n - l a —

tion and of t i re  c ap a c i t i v e  end c o r r e c t i on  f o r  t i ne  open end in a lnrrped N-m i—

nal impedance which is convenientl y represented i - v  a c o m p l e x  t . - r r i n n l  f n i n r —

tiont . This function is determined ft-or’ a least—snnnares fit c - f  I n  n p a s n n r e d

and tire theoretical cnrrre nrt dis trit nnr t joins.

I
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1. INTRODUCTION

In a recent paper [King, or al., 19741 ri~ ’ - rn - - n et-ties of a inorizontal—

wire antenna over a hom ogeneous i so t r o p i c  i c - n i l — c - p a c e  nr c  determined n h rm t I t t

complex wave number cictracteristic of tire Lii f _ n p n : c e  is lar’ n’e in nran’rritude

compared with the real wave number of tire air. These solutions are obtained

from those of tire eccentrically Insulated dipole in a general medium [du et

al., 1975] tirrough a l irnitin~’ process. Wiren two center—driven dipole anten-

nas are placed parallel to one another and to a conducting or dielectric

half—space at the same h e igh t  d above it and w i t h  a distance 1. between t I m e r :

as shown in Fig. 1, the currents and charges in each antenna not only inter—

act with the induced currents and charges in the dissipativa half—spac e bit

also with the currents and charges in the other antenna. Tire exact calcula-

tion of tire interaction is difficult except when tire half—space is perfectl y

conducting. In this case, with the help of image theory the problem reduces

to that of four identical parallel antennas at the corners of a rectangle

with tire dimensions 2d and L. The a nt e n na s  separa ted  by tire d i s t ance  2d. are

driven by equal and opposite generators [1-Tin? , 1956]. Uhen tire half—space is

not perfectly conducting, an exact analysis is complicated . However , if t1 m e

method of solution in tire previous paper [Wu or ii. , l°T5] is used alon g ‘it 1 -

a limiting process similar to that used in t Y i n r ’  et a l .  , ‘Rr741 , an c n n n - m n : - : i —

mate  s o lu t i o n  fo r  t i m e  c u r r e nt s  in the coupled a nt e n n a s  c- cnn he ci:t ~~~in ’m .. ‘m e

sam e limitation on the wave nunrhern of the r c - c n l i a  is as su rn r ri .

2. APPROXI~1ATE SOLUTION FOR THE CURRENTS IN COUPLET ) IN SU LAT ED A% IINN , 5 S

A solution for the current in a center—driven , eccentrically insulated

antenna has been obtaincd [U n i  et al. , i °75]  . A similar structure w~ 1m m

conductors In a circular cyl ir .irical insulation is c - i c r - c r  in Fig. 2. The

ius of tire insulation Is b , t h a t  of e n’rclr conductor is a. The avis of eric - - n

conductor is at a distance D from tin e axis of the insinlator or at a

d b — D f rom i ts s u r fa c e .  The r a d i i  to the axes of t i re  trc -o c o n d u c t e r n -  snil ’—

tend an angle  2 0 0 . Tine c,-nve n n r m i n e r  c h a r a c t e r i s t i c  of t i m e  i n s u l a t i ng  :- r~t - n - i a )
1/2 - 1/2 -is k7 

1
2 ~

‘2 
= + 1

~~2 /~~) 1  = w ( ’ .1L 2)  • T i n e  wave m i— n - cr c i n ’ : r ; t c —

ter~ St1c of t l rc’ n ” - ; i ~~:l~ : m ; m l i n m r -  u n  t ine r n -n r c  in  < r < IS = ; + i0 =

~
+ io 1 / i. ) I - v ( : m ~~1

’i -- 
, wi n- n- - it :  t i n -  n -n -i l ~n ir . . n ;p c on sr a r r t n-Sd

the  r eal  n t t - i l n t S t i o t r  c r n n - t n - n t .  it  Is ;, - ; c - t : r n 1  Y - r  ~m r ’ 1 v c- I s  t i r i t  t I m e

30
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FIG. 1 COUPLED HO RIZO NTA L ‘WIR ES OVER A DiSSIPAT IVE
OR DIELECTRiC HALF SPACE.
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following cond1tic-n’~ are srtls fled:

> >  ; k~ d !  < <  1 (1)

L = 2b0
0 

> d > >  a (2)

Let two infinitely long conductors he considered first. The electric

f i e l d  on each w i r e  can he o b t a i n e d  f r o m  a s u p e r p o m i t i o n  of 1) t i r e  f i e l d  en

the wire due to the current in the wire itself , and 2)  t h e  field on the wire

due to tire current in the second wire . Tire Fourier transform of tire first

elec tric field is [ bu et al. , 1975 , Eq. (13)]:

(iic7 /2i~uc2
(k~~(l + A

0 /I’
4

h~~~ ) — ~~ (3)

where

2 2 2
—1 a + h  - D

— cosh (— -- -- — —  ) (4)
a 2ab

~ Dx m H~~~~(k h)
~ +~~~ 

v ~~~~~~~~~~~~~ 
nr 4

0 (1) ‘ 2 ‘ (1)
H
1 

(k
4
b) m 1  b H~~ 1

(k
4
h)

wi th

2 5’ 2 5’ 5’ 2 2 2 5’ 1/5’
— ( 1 1 2D ) { ( b  + D — a ) — [(b~ + D — a ) — 4b ~ ] (6)

The Fourier transform of the second field is [Wu et al., 1975 , Eq. (7afl:

— [(_1)m~y,2~~ C
2)[(k~ 

- 

~
2
)<c

~
(r,0)>

~ 
+ (k

~
/k
4
b)<

~~
(r ,0)>C] , m - 0, 1

(7)

where m — 0 applies when the two wires are driven in phase by equal volta7es

(symmetrical, or ~.ero—phase—seq uence excitation) and m 1. app lies when the

two wires are driven b y eq ual voltages 1800 out of phase (antisvrn-- trical rr

firs t—p hase—seq uence excitation). <
~
(r ,O)>~ and <r1 (r,0)>

~ 
are average values

of f2(r,0) and ~r(r ,2) (Wu et al. , 1975 , Eqs . (7b) , (7c)J evaluated on a ci rc i e

of radiu s a , centered at r D and 0 — 20 o. This circle is denoted by C, and

the avera ges are j us t eq ual to their values a t the center of the circle , in

33
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this case at r 0, 0 20
0
:

6
1 

( T x ~) ) — 2b in :.:) cos 2i~~ 
-i-- 1

= h ( D , 2 0
0

) -
~~

- ‘ n [— -
~~

---—-
~
-- —

~~~~~
— -

~~~~~~~ I ( ° - )

1- ’ (D~ — cos 20~ + x~ )

i~
(1) 

( 1- -
1

b) Dx m ~0) 
(I:~~I - )

~
(D ,2 0

0
) (1) 

L_ + 2 ~ 
( — i) (1) 

co s ( 2 n~~~) ( 9 )
11
l, 

(k1 b) m=l  1- I~~~~~1
( r j b)

Tire total field on one n -ire i s :

~(m) — r + p
(nn)

z ‘zl ‘z2

( I T / 2 rc - 2 ){k ~ La 
+ (—1)~~b(fl,2e 0)] 

- T
2 

t a ~

+ (k~ /k1 b) [:T~ + (-l) T(h ,2~ 0) 
) , m = 0 , 1 (10)

When the conduc emn - are driven iv unit d o l t  a — f u n c t ~~m n - rm r e n e r n t o r n :  a t  =

= ~~ on t i e  w i r e . Tlme m ;ni!-m;ti tution of t h i s  v a l u e  in (10) yields tire

trans In -cm -- of t i m e  c u r r e n t , 1
(m) 

~~~ ~t in-

_2~T im c ,
y (m) 

~~~~~ 
= - , ~ 0 , 1 ()~ -n

(C - [ m
~~ ~~~ ~~a 

+ (_ 1)
fl~~~(p , 2 ) ]

(n)
wirere  the  p ir a s e — s e q n r c n c c  w a v e  numbers are given in ’:

A + ( \n:m~ (p 
~~~‘( \ ‘) 

~ fl ~~~ ~~~‘ ‘‘ 0’
(k

r
’ ‘]~ 

= L~
t1 + - , n- = 0, (12)

(k~ b) 
~
“a 

+ ( — 1 )  ~~~~~~~~~~~~~~

The c u r r e n t  (listril mit ion alonr each of t m ::  ceinter—drivon coup led d i ;n m m les ef

lengtir 2h located as shown i.n FIn’. 2 in an inm ;ulat r u n - : on 2 n I  i n : m r  is in —

r e m - e d  in a relativel y dense ro~’Iorr 4 is  r i - c - c- r i  1-v inC ca’) -smi mrs .r c - - in — I  I I n c ’ : - !  —

nula:
(r’ ) (r ’ \ - -—IV - - sin  - ( I :  —

(z) = - 
_ _ ~~n ____ __ ______ — 

, 0 , (1 ~
cost 1 In)

c
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where v~m) is the phrase—sequence driving volt age ,

~~~~~~~~~~ + (—l)°h(D,200
) ]

~~
rn a 

,,
~~~~

, , m 0 , 1 (16)
2

1/2is tire phase—sequence characteristic impedance , and 
~~
,, (ij

2/c 5’) is the

complex wave impedance of region 2. For air 
~2 

l2Orr ohms , i~2 n - / c , c
8

3 x 10 n/sec.

Wit h m = 0 in (12) and (14) , tire two conductors are driven in p lma ’:e 1 v

equa l  enr f ’ s , 
~
‘l 

= ~~ O) 
and t i r e  c u r r e n t s  are i d e n t i c a l , 1

1
( c - )  I~~( ’)  =

~(0) (z). WI tim m = 1 in (12) and (I/n) , the two condnr ct omm: are driven 120 0 out

of phase by equal ernf ’s, V1 
_\T

2 
= ~~~~~~ and t ime c nlr r o n t s  arc eq ua l  in r- cm c ’ —

nitude but oppositely directed , 11
(z) = —1 5’(z) = I~

1
~~(z). ‘ n-te t h a t  these re-

su lts are r ead i ly  pen cr a l  in -ed  to  n - ly e  the  c u r r e n t s  in a t r y o—r- : i re  l i — c  in a

t u n n e l  of c i r c u l a r  cross sect ion fl T - m i t , 1975) .

3. T;-:o 1:crIzo:;TM. U T h IT S  f l V h I -~ A 1 .~~I t _ ’ m A C T~

TI~c solnition obtained in t h e  n r ’ - v i o m i s  s t  ion can now be used tn-i

tine properties of two i:or ic - eni t al r-:ires ove a in - n I ‘— - - n - a c - . Tine fi r~ t s te p is

to deternirne t I : c  q u a n t i t i es  ~i , A~~, q ( 1n , 2 c -~~) a m m d  A ( , 2c- 1 ,) In t I n -  I i  H -~~

0 -
~ °‘ w i t i n  d = (b — I) ) f i n - e d  aird f i n i t e . Tire f i r -  t w o  r : n i ~ t~~t~~eS rnre cj ~ -ern

in [ E l a n -  ot ‘1. , 1974 ] .  T lr ey  a rm ’

a 
cosir 1(d/a) ~ t n ( 2~~ia)  ( 15)

6 / 1: b 2T(2 1: m ! , 0) ( I ( s )0 4  4

where  d is t h e distance f r o m  the  axis of t i r e  u f r e  in  a i r  t o  t i r e  p lnn n : bon n -nd—

ary  b etween  t i re  a i r  ( r egI o n  2) and t !:e rrrr t e r i a l  i - a l  f — s p a c e  ( r e c i o n  61 . - ‘n i  so ,

T (A , 8) is r iven by Eq. (Al 3) inn [ Vl n r r r t  id.  , 19 7 6]  . A i m  eqn ef va l  n - n m  t f m ~rr i s

, 2 n 2 K ( A — IT h)
T ( A , }() ~~~~~~ ~~~I 

~~~~~~~ ii’ ~~~~~~~~~~ 
~ [Y1

(i’ + it - ,) + h : ~~( B +  I A )  2 /~~ ]
(A ’ + 1’: ) ’ ‘ - -

- 
4 ( 0  : I A )  

1y
1
0: - I A )  ~ E

~~
(D - I A )  - 2 / f l ] ( 17 )
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(The form In Eq. (A13) of (~~.!~~~et a1., 1974) is T(A ,B) — (A 2 
— B2) / (A2 + 82)

2

— K
1
(A — iB)/(A — iB) + ilm (w/2(A — iB) ] (Y 1(B + IA) + E 1(B + iA) —

This Is eq uivalent to (17) when A and B are real. However , sinc e the sum of

integrals which yield the two equivalen t expressions for  T(A ,B) when A and B

are real is an analytic function , and the form (17) is also an analytic func-

t ion , it follows by analytic continuation that (17) is also valid for complex

values of A and B. Use of this fact was made by King et al. (1974] when Eq.

(A17) was used to obtain the expression (28) for k
L 

In wh ich A — 2k
4
d Is com-

plex when k4 is complex.)

In (17) K
1
(z) is tire modified Bessel function of the second kind and

Y1
(z) is the Bessel function of the second kind , both of order 1. The func-

t ion E
1
(z) is the Weber function defined by the series

E1(z) 
— (2/ir)(l — z

2
/3 + ?~ /45 — 26/1575 + z 8/99225 — . . . )  (18)

When this is inserted in (17) and use is made of the relation K1
(z)  —

—(w/2)H~~~ (iz),

A
2 

— B
2 

~ 
n~~

) B + IA) Y
1

(B + iA) Y 1(B — IA)
T(A ,B) - 

(A2 + B2)
2 + T B + IA + ‘

~~ B + IA 
- B - IA

+ 
~ n~i 

[(B + iA)
2
~~

1 — (B — iA) 2~’~~ Ja (19)

where a
1 

— —1/3 and a~ — _a
~ 1

/ (4n2 — 1). When B — 0, (19) reduces to Eq.

(A17) In (~ et al., 1974]. For large arguments , i.e., lB ± lA t >> 1, (19)
is well approximated by

T(A ,B) (A 2 - B2) / (A2 + B2 ) 2 
— (r/2)~~

2 (A - iE)~~
’2e~~ 

— iB)
11 + 3/8(A - 18)

— 15/128(A — lB)2 + . . .]  — (l/2)[(B + iA) 1 
+ (B + IA) 3 

— 3(B + IA) 5

+ 45(B + IA) 7 
+ . . . ]  + (1/2) ((B — iA)’1 

+ (B — IA) 3 — 3(B — IA) 5

+ 45 (B — IA)~~ + . . . ]  (20)

- ::~~~~~~~~~~~~~~iz ~~~~
j  

-
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To evalua te ch (D,20
0
) In the lim it h -

~ ~~~, D -
~ wi th d fixed , note that

-, (b — d) D. The distance L between the two wires Is related to the

angle 0
0 

by L 2b 0
0
. Since 20

o 
L/b 1, It follows that

2e
~ 

1 — (20
o

)
~~

/2 1 — L2 /2b 2 (21)

in the limit b —

4 2 2  5-, 40 — 2b 0 (1 — L / 2 i n ’ ) + j 5

C- ’ 2 ~ 2 2 2 ‘~ -

b~~[D — 20 (1 — L /2h ) + D ]

1 2
— 

~ 
9.n(]. + 4d /l, ) (22)

Similarly ,

- ( i n
H - (~: - h) F - ft - b)

~ (D,2e0
) -

~ —
~~~ , 

“ -4- 2 ~~~~~~~~~~~~ ~~~~
‘ 

—~~~~-—--— 
‘

~ cos(2n” )
IH ft.b) m 1  

h 
}
~~~~~~

(t , c 
0

- ~~~~ ft b~
liii. {i -

~
- 2 ~ (1 — dI b Y~~

’ ‘
J 

“ 
- 

cos 2 ( m — 1)O
O
J }

(k i - )
r ‘ -

k 1b 
— i ( f t , hy  — n-

h r  i - 2 (1 — d /b ) 2m
E -

r’2 - ‘- 
-

2 ,, 2 . l/ 2
,, in- — ft — ~ :

4
In )

x c o s ( 2 ( m  — i ) 0
~~

) + 2 
~~ 

(1 — d / b) ~~~ [ ‘ - .
-n. y

£4

~ co s (2 ( r :  — l)eo]) ( 2 3 )

where use has been made of the follow ing approxima t ions:

~~ r + i f ( k , h~~
2 

- m 2
~~

h / 2 )/ ~~~h , k 4h > m ( 2 4 )

37
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(1) (1) 1 ‘)

H 1
(k

4
b ) / H  (k

4
b) “~ 

(m — [m — (I:
4 by )  ) /k ,b  , < n (2 5)

The sum in time expression (23) can En. -  converted in -to inte gra l s n~- i t i .  t~m n.n s ’i ~ - —

stitutions x rn/k4b , dx = l / E 4 h .  Also ,

(1 — d/b)2m exp ( — 2 r n i h / h )  = exp(—2 :-:E4d) (26)

2 ~ 1!”m + j [ ( k h)  — cm ’]  
~ 1/2

k b = X + i( 1  — x )  (27)
4

2 2 1/2
— [in — (k

4b) 3 2 1/2
k b  x~~~~~ — 1 )  (28)
4

cos[2(ri — 1)e0] cos[(n — I ) L / b ]  = cos~~~4
L (  ~~~~~ - -

~-~~~~ ) ] c o s C , 7 n (~~9)

Witir A = 2E 4 d , P = k
4

L and ( 2 6 ) — ( 2 9 ) ,  it  follows that (23 )  i --c c o —us

1 1 1/2 -~~-= 1 -4- 2~ 0 ’~ Ix + 1(1 — x )  J o  ~ cos 3x dx
-4 

0

+ J [x — (x — 1) 1/2 ]e
_
~

.x cos i x  dx }  (30)
1

In t i r e  l i m I t  k
4b -

~ , the first tern v a r n l n - I m e s  and from Ap r~ m~~n I j X  A of ~E i n g

et al. , 197g. ] (30) y Ie lds

8(D ,2 0~~) /k ,b 2 T ( 2 k
4 d , t- L) (31)

where T(A ,13) is given by (17).

Tire determmination of 

~
, ~(n ,2n-0), 

tr
0/k ,h , and 6(P,290)/k4

b is now con—

plete. Substitution of t’res’~ quantiti es given , rcapectivelv , by (15), (22),

(16) and (31) into (12) — ( 14)  gives t h e  wave number  k~
m)

, the current dis—
- (tin ) . (in)

tribut i n  n I (z) in t h e  a n tenn a , and t h e  characteristic impedance t f n r

t h i s  s t r u c t u r e .

C rr,’ !C!



4. NU?”ERICAL RESULTS

The propagation constan t k~
m) given by (12) has been ca l cu la t ed  for  a

pair of wires with equal radii a = 1.5 mm , excited by a source operatin g at

the frequency f — 300 Ml~z. The wires are p laced in air (so that 
~2 

=

and = (u0k0)
1”2 

~ 120’nn ohms are bot h rea l] a d is tance d abov e

a half—space with d/A 2 ranging from 0.025 to 0.13; 
~‘2 = 2 mn / k 2 is tire w ave-

length In air. The wires are separated by a distance L ranging from 0.lA
2

to l .2A 2.

Tine normalized complex wave number k~
m)/l: = O (rn)

/ k  + ia(m),k is shownL 2 L 2 L 2
in Fig. 3 for the case when the lower medium is fresh water characterized by

a = 0.09 Si/rn, ~n = and t r = 81. Note  t ha t  b oth  the r eal propagatIon con-

stant ~~m) and the attenuation constant 0~m) are sensitive to t ime  spacing and

the relative phase of the two currents on the wire. The phase and attenua-

tIon constants for tire first—phase—sequence or antisvmrnetricmnl mode are al-

ways smaller than these for the zero—p irase—sequence or svruimc-trical mode. A

similar result iras been obtained by Wai t [1975) fo r  a pai r  of wires p laced

close to the walls of a tunnel.

The normalized phase and attenuation constants , 81~
m),k

2 and cm /k2, are

shown in Fig. 4 for the case wiren the lower medium is sea water characterized

by a 4.2 Si/rn, p = and c = 81. It is obs erved that P~
m) /k 2 is quite

comparable to the corresponding values for fresh water , whereas n-~
Th)/k, iS

smaller by app roximately a f ac to r  2 in tine presence of the  sea w a t e r  t iran in

the presence of tire less conducting and predominantly dielectric fresh water.

Actually , for the same current in tine wires , about twice the power can be

transferred to the fres ir water in which it p r op agates outwa r d as r adiant

energy tiran to the sea water in win ch it is rapidly dissipated as beat.

5. GENERALIZATION OF THE THEORY TO GREATER AN TENNA HEIGHTS

The theory of the hor izonta l—wire  antenna f et al . ,  1974] as derived

from the theory of the eccentrically insulated antenna [Wu et al., 1975] im-

p licitly neglects radiation Into the air (region 2) as compared wi th  the

power transferred and radiated throu gh or dissi pated in the eartir (rerion 4).

This Is an excellent approximati on winen tire inequality lk 2dj 
.‘< 1 is satis-

fied. For antennas w i th  open ends this condition is qu antitative ly riven liv

39
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k~ d < 0 . 3  or d / A . )  < 0.05. Timp presen t  f o rm u l a t i on  o~ t i m e  t heo ry  of coup led

h o r i n - o m i t a l — w i r e  an tennas  involves  t ine  sure r e s t r i c t  l e i m  f o r  t!ne same rea son .

In a recent paper [ S e r im i - I l o  et ~l .  , 197~ 1 it is s rnwn tirat approximate

account can he taken of radiation Into region 2 from a single irorizontal—wire

amn t e n n a  by rn -cans  of a s u i t a b ly  d e f i n ed  t c n ii rat i np  impedance ~~ across the

open ends of the  an tenna  and t h a t  when t h i s  is dcne the  c o n d i t i o n  k
2 d I  ~~< 1

can Ir e re laxed to k 7 d J  < 1 or d / X ,, < 0.16. The sam e g e n e r a l i zat i o n  can be

carried out for tire two coupled  h o r i z o n t a l — w i r e  a n t e n n a s. Tire generalized

form of tine pirase—sequ ennce currents in time two antennas when center—driven

with the voltages V 1 = = ~~~~ for tire zero—phase sequence or V
1 

=

~~~~ for the  flrst—plrase sequence is

_~v
(m) 

S~~f l [ k
(m)

(h - z i )  +
(in) C) L s

I (z) = 1rn ’ t m’ t rn~ 
, m 0 , 1 (3.)

2Z ’ / cos(k ’ ‘h + iO ’’’)
c L s

where

0
(rn ) ~~(rn ) 

— 1~~(m) 
coth 1(~~~~~~/~~~~~~) , tin = 0, 1 ( 33)

is the c or g i e x  term inal f u n c t i o n . Its real part tai~es account of tine

dissipation in ~(m) its inanirnary part ~(n) involves the reactive 1~art n-~f

J~or open ends , is a measure  of the  r a d i a t i o n  in t o  rem i on  2 ,

con-r2ctm ; for tire capacitive end effect. For short—circuited ends (~ c~~n i1v

i n f i n i t e  c o n d u c t i ng  p l anes  p e r p e n d i c u l a r  to  t i m e  a n t  n s c r c a s )  , = 0 , • (rcm ) 
=

i i/ 2 .  W i t i r  images  t i re  an t ennas  a re  e f f e c t i v e ly  in f i n i t e ly  ]cnc ’ nr~ t i n . r n  is

no radiation into region 2. 1~i t i i  terminated ends :T
(m) 

consists , fo r  t X n -~~~1C ,

of a lurgec ~ resistor ~ II series wI tin a quarter—wave r;~~n c ; n e 1 e  and ~ - )

accoun t of d i ss i p a t i o n  in t i re  r e s i s to r  and r a d ia t  i on  f r o m - . t h e  ogn.-mc ~ en-h n-~

momm onole . The t e r m i n a l  f r m n c t i c n n r and -t for bo tc h  pim :mse soqnicnceo re- S S
closely related to tire complex reflection cn n - eff icient i’ = r e x p ( — i t  ) - r t

tire ends of tire ;n: terlna . Speci 1lmn ilv , r
~~ 

= e x p ( — 2p  ) and

It is sl rown in [Sor !—el 1 0 c t  a l .  , 19771 tI-rat t h e  t i m e o r o t  i ca l  v a l ues  of

t i re  complex wave m m m n r m c h e r  k
1 

= ~ 1cm
1 

are in excel lent n r r n - r c - n - f l t  m i  t ir  r n a S—

m rr e d  va lues  fo r  t ime sir i’le a n t e r r n , m  over t i m e  elcctri cccli v ~ n n m ; c

r e m - t o n  “n . I t  is r e a c c o n c n i n i e  to  a s c - m m r e t h a t  t h e  Sa~~e Is t rmrc ~n r  t i n C  c - o t ’g ] e ~
an t e n na s .  Hence , ti m e val~mon i~~ = + 1- t~~~~ and 7(n) witi n in o~ .-mr n .

L L I. c
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calcul at ed f rom (12) and (14) for substitution in (32). I~ fo f lo w s  t i m a t  t h e

th eore t ical norma l ized distributina o~ m ur r en t  is cot si ct e lv  d c t & r i : m i n c d  cx—
(i- ) (m)cep t fo r t h e  unknown vi’lucs of mc 

~~~ 
— i -  ‘ . Unfort iim rately, no method

iras yet bee mi developed fo r  deterrr~ rr in c ’ Llm eSe theoreti c-ally . !mccorchinplv ,

they are eva lua t ed  ru th  a c u r v e — f i t t i n g  t e c i m n i c~ue ham~ -d oni t i m e  m e t h o d  of

least—squar e errors  f rom experimental l v  and t h e o r e t ic a l ly  o l n t r n i r r e d  c u r ren t

d i s t r i b u t i o n s. This is d iscussed  f o l l o w i n g  a b r i e f  desc r i p t ion  of t i m e  :r n eas—

ure rne mr t  of c u r r e n t  d i s t r i b u t i o n s .

6 . P h S C R I P T I O N  OF THE E Q~E RIMEi T

Current distributions were measured on coupled antennas p l a c ed  over a

large indoor watc- r tcm r i-. A sketch of t ime  e x p e r im e n t a l  f a cl l i t ’ - - sho’~-n in

Fig. 5; Fi g. 6 r-; m m o m - c s  t I r e  block diagram of tire setup . Time amntenn an-. are r- a hc

of b ra s s  t~~1 m n c with 3 mm o u t s i d e  d i am e t e r .  Time c u r r n . - r c t  g r o~-e travels aica

one of t i re  ar m L n arc en and lire -; i c’nal Is led through a coax ial c— m ~- 1 -  in c i do t n.’

bra ss t m i l e .  Bo t h  a :ct enn a s  are om ce m e t e r  long  n i m c n  op era ted e~ h open emlis .

W i t h  t n . - r m c i r m - n 1 e n .’ n - r i d s , e a c h  load cnasii3 ~ r- c~ a r e s i s t o r  (uI~ h ci .  ;.

of 2~~(n , 270 c u d  32~ 01 mm -n ; , rc s:nectivelv , f or  i c c i  pI t s  d / i  -) = - .0: 5 , r)~~)775 ,im mn

0.13) anid a qm.a r:n r—s’avelenc’tim sect  ion of brass  t u l s f m m u ’ .

cn -dt wIl l mixed Y~ tc lm t ine woter in t \ . C  t -imik to  ‘uield a comnduc-tivi tv of

o ~).1)mn S i / r n - , whi c im was  l a t e r  i m r c r c a se d  m = 4 . 2  Si /u . ;  f o r  a sec rd  s c t  of

-- n - n m- m : r e n e r m t s .  Ti n e r e l a t i v e  p e rm i t t i v i  v of t I m e  s o l u t i o n  \Ir1 S C r = I ]  . l u c r e

v-i - Ic S of d , t i r e  i n e i r l m t  of each a n t n ’mln a above the  s u r f a c e  o t i n e  m a t e r , we rL-

us ed in t i m e  e x p e r i m e n t , n an -m el ’; , ~~.O2 5 , h . 0775 amn d 0 . 13  to. Tire d i e t - m i m e s  L tm - e—

11 - m n tIn ~d m t n 1 c ; n 4 ~ was v a r i e d  to include t h e  f o i l  o w i o m ’  si.z ~ , i l m n . s  : 0. d3

0. 10 , 0./nh , U. 3 m ) , I)~ 66 to , and im n f in~_ cy  ( s i ng l e  a nt e n T r a )  . in.’t i ~ ls ef  t ime c o r n —

s t r n i c r i o n  of tint ‘ n m - r i n d  i - l a ne , t i r e  r a t e r  t c n m n n ., mmmc ’ d i sc u s s ion s  of t - icem r

n o r  n . - m ; t a l  c - m : m r a c t c r i s t i c s  are g iven  e l s ew h e r e  [:i r~ el l e , 1°76 J

Tire e x i n e r i -  - m i t  wrr r carried om it at f = 300 ‘5z  The wave nu n -mI or c o r r c —

s p o n d h u i m ’  to t l~e mi :-:timrc with o = 0 .09 S i /r n  is I = ( 5 6 . 55  ~ 11. 51)) n~~~, and

that corresponding to c = 4 . 2  S i / r n  is = (82. el ~ 161). 2 2 )  m~~~. In conp a r i—

son , t l €- w ave  n o r m  h e r  in a i r  is 1 2 = 6. 2R ru

In n t  ~c r t o  c m r ;~;, t i : m t w o  cemu rled a;mt -r rmc m ’ ; in t i m e  rero - m i S i -  c ( ’ r r n r r - ~ ’c~

t u n e -n - - m i  f e d  volt ,-n’ - m ’s r m n m s t  he’ 0 1 1 0 1 in n-- a c ’ r u i t n i d c ’  01m m n p h a s e , I .e . ,  V
1 

=

4 1

-~~~~~ 
~~~~~~~~~~~ .~~5-i.ma~~1~i ~~~~~~~~~~ ~~~~~~~~~~~~~~
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For the first—p hase sequence tire two vol tages  must  he equ m -ni In rm a gn i t u d e  and

1800 out of phase , i . e . ,  V
1 

= —V 2 . The a d lu s t r e n t s  fo r  t i re  f I r m ~t — p iu ist ’ Se—

quence were made w i t h  t i re  help of a mon i to r  (moir opo le probe) m idway  m - p r w een

the two antennas  as shown in ~~~~ 6 . Tine r e l a t i v e  ar rnp l it m m m~~s and ph ases  o~
the v o l t a / n . e app l ied to  the two antennas  were v a r i e d  u n t i l  a n u l l  or deep

minimum signal was observed in tire o ’itput of the  m o n i t o r .  T i e  ad~~u st m e nr  f o r

the zero—p hase sequence involved f i r s t  the adjustment for the flrst—p inase en - —

quence fol lowed by tire inser t ion  of a 50 cm ( i . e . , a half—wavelength) long

section of a i r  l ine  in the  feed l ine of one of the  an tennas  to  sh i f t  i t s

phase b y 180 ° . The adjustment was checked with a small loop SU ’~~S ituted for

the monopole as tire m o n i t o r .  A n u l l  or deep m i n i m u m  si gnal f rom t i re  loop ian—

dicated tirat both antennas were dr iven in p h ase .

A tota l  of 100 sets of curren t d i s t r i b u t i o n s  were  measured  w i t h  a small

loop m oved along a slot In the antenna . The a m p l i t u d e  and p inase of the cur—

rent were recorded fo r  each p o i n t .  Typ ical measured d i s t r i b u t i o n s  fo r  two

ident ical  paral lel  antennas witin open ends are sirown by tlme successions of

points  in Fi g. 7. For th i s  p a r t i c u l a r  set of d a t a , t i m e  an tennas  were  ae pa—

rated by ti re distance L = 0 . 3 A 2 and were each at the ine i gh t  d 0 .0775) .)

above salt water  w i t h  0
4 

= 4 .2  Si/or and c4 = 81. The smal l  c i rc les  in r jp~

7 are the measured po in t s  fo r  the  zero—p hase sequence , tine crosses fo r  the

f i r s t — p hase sequence. Also shown in solid dots is the current distri i-mrtion

for i n f i n i t e  separat ion , i . e .,  for one antenna alone.

7. EVALUATION OF TE Pd’PIAI.  F U N C T I P ’ S ;  COI’~’ARIS 0~ (IF THFORY ,-‘c1~P F . \TERIME~~T

The theoretical formula (32) for current applies directly to a monopole

when the fac to r  2 in the  denominator is deleted. As already stated , all
quan t i t i e s  for  time cur ren ts  in the an tennas  fo r  tIre two p hase sequences are

known except  the comp lex t er m i n a l  f u n c t i o n s  ~~~~~~~ to 0 , 1, fo r  wi n ch no

a n a l y t i c a l l y  derived formulas  are ava i lab le .  A c c o r d i ng ly , t inev inave been

determined  to provide  the  best agreem ent  between c u r r e n t  d i s t r i b u t i o n s  cal-

culated f r om  (32)  and t i r e  cox -r r - - c-e-’n n d l n c  m e a s u r e d  ones of w h i c h  these in Fl:.

7 are an examp le. This is accon-np l isir ed by norm al iz i rn g the  ar-~~l i t u d e  of t i , n

theoret ical  c u r r e n t  to c o i n c i d e  w i t h  t h e  e x p e r im e n ta l  d a t a  at  z = 0 .25)
2 or

z = 0 .75) , — whm icine’ ;er yields i-otter results -- and t h en v a r v i n e ’  ~ (m) (or ,

equ ivalen t ly , the  complex  r e f l e c t i o n  c o e f f i cien t t o  e s t a b l i s h  a f i t

14
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between t ire  t i reorv  an( 1 t h e  e x p -r  m en t a l  da ta  in th e  sense  of  1 , o ; t — n ; q n i a r -

errors. Tire detaIls of this procedure arc ’ Om it  l i n e d  in t h e  A p p e m n d i x .  I i :  e f —

f ec t , it y i e l d s  u ’- e o ’ ;m i r e c i  va lues  of g (m) or ~ (m) wfn ~ cli earn then  be s c i i n u ; ~ j e t - m i

in the theoretical formula . Typ ical.  distri l nit ions of current obtained in t i n t s

manner  are slnown r in  F ig .  7 where  t i n e  t in e o r e t i c a l  d o t t - ~1 curves m ayo i - y ~~~i

matched  to t ire rme asured po int s  sir own by smal l  c i r c l e s  f o r  the zero—piraae so—

quemnce and the tineoretica l dashed  curves have b ’cern mat  c i m c - m l  to t he  mea su red

points sirown by crosses fo r  t i r e  f i r s t — p l ase sequence . ! n n t l m  sots of curves

arc fo r  d i s t a n c e s  b e r m ~- 1o-mm t i r e  a n t e n n a s  of I. = 0 . ) ) ~~. The so lid  l ine  cur -~’ n. - s

also shown in Fi r . 7 have becr n  f i t t e d  to  the measure d c lo t  i; ~ny  t ho s im p l e  IlI n—

tenna correspondin g to i n f i n i t e  s e p a ra t i o n . All r r ~~p k m s  in Fi r- . 7 app l’- to

an tenna  hei gh t s  of d O. O775~~,. S im I l a r l y  good a c m r n  mi t  I - e t m - - m a t h e  n i c e r —

etical currents with measured and measured rur iern -~ have l e e r .  e m - t a i r ed

fe ’  o th er  h i e i  m } m t a  airc i d i s t a n c e s  l m t w e e r n  t ine c o m i m l e d  a n t  er in as . T~ n~~ : mC~ m 1  tS

are m m - / r - m , n r i r ~ .1 Li  t :  I t - r a ; - i m m -~ o f F i m ’s . fn- and  l~ n i m i c lr she:: the m ea ’~ m m d  va~ u - a

of ~~~~~ 
= -- i - ) as a f m m m n c t  t o u r  of L/~~2 for  c o m r ~~ r d  o n t n - n n ; m m ;  -

curds  cm v n: r i m m i e amict sea m a t e r .  h l w - n  t i m c ~; -  v I l j ’ : m ’S a r m - m ; i m s t i t : i t ~~-4 1:: (~~~~~~)

tr mc- OrL’t ical curt em. a in  m O m ) Iln-r’ [C - m m  t ~~i t i m  r (‘05 cm : ’ 1 ne-S arc- o u t  n - i i m m - ~ f m m  r

an t n ! m l r m ’ r y : r  1- / n i c e  i;itl m c o r r c h r c t j v L C - e  of ( i ’  
~~ a d  -~~ . S i /a . 1 m ’

f o rm e r  is mia l ’ ;  sh u t  1’- mor e  c o r d - u c t  ~m n ~’ t a n  ~~-n :r- ’ 1 a ~s , t I m O  i a m t t e r  c o n -  C —

sponds  to sea water.

(,,, \ 
(~~~ 

( S

A fun tiner cirtcl on m e l e w t —  n rc  u i 1 a — 
/ 

—-
~~~~ mu s

to ~
- 0 , 1, is o i ’t a l n n l i i i  i t s  :ne”l i c -a t i c u t o  t e r m ’  m u t e d  [at m ’a:-m .

n i ; n ~~i orm e coilsistimp of a C jlt il 1’.- c 1 om e: ] u r~~
- - : n i  l - m - - i ~~t o m  to  c u t  j i m :  an o’ - t  ~ai:

match tm series w i  tin a q u a r t e r — - r v , ’ e : - :tcnu ;i  ur n o r  i ; . ’ or m - i t a l — m i  ‘a- -‘; . t  e m m a

e~~s c ’ r m t . i ; n l I v  L i a v 3 l i n~~— a aa’ n -  m 1 is t y: t i~~u o ’ c u r r c - u t  cmi i i  Inc ;nHi i c~ - u : t  - -

r en t s d ec rc ;t ~~i n m ’  mm m l -’ sli i’ht~~v in  l i t  m i m i c  o v r  t f j ’  -. m ~ ii-~ l e u m - - m i m  n C  t I ~
tennna fm :-: t 1 ’m d r a v i n c ’  p o i n t t. n time ‘ n :- iSC: r aimmi a l i r : ’a ’ c- ‘n- ~ : m  -

(,
~ example is s i m o n in I-i - - . ~~ ~~~~~ - i 1 o  o~ -I . , l m n ~~7~~. )  T h . n  C

a perfecil - - - terrii:n m ’tec a n t - ’a - m a im:  c l m m m ’ -  L~ - ’ i a c m 1 t , ’-- ‘ . r l :  l e r tm i- S S
R — iX and 7. = R (1 -5 1 ) complex t i m e  r c - n n e r a l  forimIl mc- r sml:mt i;; - ~

‘ i n n s
S S C C C -

7. w i t h  ,a and an- c i n c j v , --d. They n m ’  m ’ive n  l v  fl ii ’- , 1 0 ( 5 1
C S S

P — rf X c m i  2cm
s cr = -—- - -—-—---—- - - - - - - ——— - -

~~
-—- —-s--— ( ~~

- -
~~nv -  1 - -. coa i~ . — C 0R ( l ~~ ~~~) ‘; -s
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8. C O t C L I t

Tir e t i m tr o r v of t I n ’  i ; n c r j -’ n m :mt .,I_ - rn -  : ‘ u c t m - : n n , r  e m - e r  in e l e c t r I c a l ] ’ -’ cc-tr Im-

l n : r l f — c i ’ a c m r  is  c : - : t c m n h c j  C)  a r a i i ~ - I  COmi c ’ m , - 5  u i r u t n c t ; : ; , — n : . T I m e  d i - t r m l  m m t  C m . - in:

c u r r e n t  ir ave  t i r e  ~u i r ; le- t m n : ; - m c a c i m - u m — 1  i : u m -  f ’m:m w i t h  c ! i f f m - r - n t  c I c ’:-: L0 ’;c

n u n - I  c - c c ;  ar md ~b a r  n - u ( s t i r  im-’ c - I u m r m c m ’ n - ;  I n n -  t l m c -  s’.-r u ‘ - t r i m - o I l ’ ;  0:1 1 m o  ~Sv r -- - m - t r i —

cal lv  On vam m an tenna : :  • C m n r r m ’ :m t s  vi t I m  a rb i  t r ary  d r i v i r i ~ v o l t - n t - o s  cor n Sm - ci —

t a m ed by c n n - _ u ;  n - n -  i t l a ; m .

The s ir  m ; - l c -  t run ; ‘-I n - - : ss : o i n — i  I n c  fo re  f o r  t i n C  Cu r r e n t s  in c oup ] oi l n u n  s c u m —

t a l — n - -’i re u n n t e r m I c ; n m m  WIti; O pn )  end s in a i r  o v a r  a diss::amt r ’( ’  or m : i~~ 1 - - t r i m

half— c- pace is ~‘cncra1i; :ed by th e  a d d i t i o r n  of a t e rn i n a t i nu -  In - j n c-dmn u ;m - m - 2 m dt

takes approximate acccumn t of radiation into t i e air and si um -; m lt aneou sl --

vides tine capacitive c u d — c o r r e c t i o n  a t  t h e  open end .  Tine t e r m i r n a t i r u r  I ’ a m

ance , expressed in t e r n - s of t ine  t e r m - - i n - m u m ]  f u n c t i o n  = — i i , iS Ccter—

mined 5’: fitting measured c u r r e n t s ;  to the  t h e o r e t i c a l  ones . In addition to

eva 1u at in~ t i e  t e r m i n a l  f u n c t i n -ac , the  for -n -c of t i r e  t h e o r y  is con firu :m ’nI by n d

good apre er-c ’nt  b e t w een  t I n - e r -n -  i c a l  and m — e o s u r e d  c ur r e nt s  fe -  m n t n e n _  i- un It - I  a n-. —

tennac and the  rood a r m n : m  - - m t  - n - t a m - e n t h e o ry  and ex e m ’r iu - m e lmr  in t i m e  t m ’ r  i ; m m ~

func t ions  fo r  t r ave 1 :n~~— - -rn ’n ’ n;m t -mn::oc, .

2
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9 . ArPi’:I Ix

In t ln i ’n  Appendix t i n e  app licnntiorr ~~f t i n e  l e a s t — s q u a r e — e r r o r  f f l C t h o d  is

desc ribed.

Let z deno te  t i re  p o s i t i o n  of tine probe with r e f e r e n c e  to the  d r i v i u m

point and A denote the amp litude of tie current r-easnired at z .  T i e  t i r c o —

re tic a l curre n t is g i v n - n  by

~~~~ 
1
~L

z I .
L
Z O

J
Z

1(z) 1
0
(e e — Re e - ) (Al )

i2k
1 
h

where R P e and ~ + jrt P ; 9 Is the complex reflection cod Ii—
s L L I. S

cieir t at z = h.  Tine va lue  of k
L 

is known t i n c c r e t i c a l l v . Tire a b s o l u t e  v a l u e

of 1(z)  is

= I l 0~e 1 — 1, 0 L 
e

1
~~ (A- )

M a t c 1 n i n ~ 1( z )  w i t h  A a t  n = r,
0 vI ere z z 0 pives

— m i  z — 1 2 8  z 2cc z

I i~ H— ~ 
Ii — Re L 5n 

A (A3 )
ii fl

0

l inu s ,

a z — i 2 i -  z 0 2cc —l
I I Hn, e

L
~~~ A 1 — P c  e (A4 )

0

or

z
L

(z
O 

z) 
- 

- - i2 F -
1
z 2 1

L 1
It( z) I ‘ , T - 

A (A5 )
I. I) c 0

1 — R e  e

The m e a n — sq u a r e — e r r o r  between the  t ineo r y  and t h e  e x p e r i m e n t a l  data is

N
E 

~~n~ l 
(lI(z~)I — A~~~ (A6)

- r 1, h
where IC )I is  gIven  by (AS ). 1W v a r v i ’ m r  ( P c~ f r o m  0 to e and the  ;0 ;i s e

-Il

-- 
- ,  

—- -~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ 
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-
~~ 
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ijn of R f r o m  0 to 2rr , the va lue  of P c o r r m - m u m e r n c ! i r ; p  t o  t i ne  r c i In ~ r. :nm: ;  T’mean—: i ; ; m ~m m n - —

e r roc  is o b t a i n e d .  The co :mi i ) l ex t er :-  inn ] f u u : - t  ion P is c al c u lat e ( 1  f r o m  P
S

using the  fo l lowing  n - q u ;n t i o n :

0 — [ ( 1/ 2 ) Z n  Ft — ik
1

h ]  — ( l / 2 ) L n  (A 7)
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B. Mea sured Currents on Two Coup led Colli near Beverage Antennas

Two Beverage antennas were arranged in a collinear configuration as

shown in Fig. 1. The monopole was 1.0 m long to the terminating resistor

and extended a quarter wavelength beyond this. The collinear , asyimnetrical

di pole was terminated with a resister a quarter wavelength from each end.

The forward arm of the di pole was one meter long to tine resistor and ex-

tended beyond it a quarter wavelength ; the backward arm consisted of the re-

sist or and a section beyond it a quarter wavelength long. The height d of

tine antennas above the surface of tine water was fixed at either 13 cm or 2.5

cm. The tirree resistors used to terminate the antennas were each 330 0 for

d = 13 cm and each 220 ii for d = 2.5 cm. The separation g between the adja-

cent ends of tire antennas was set at approximately either 1.5 cm or 18 cm.

Tine conductivity of the solution was measured to be 0.09 Si/n for the first

set of measurem ents , and was later changed to 4.2  Si/n for a second set.

Since time input impedance of the terminated monopole is approximately

half that of the terminated asymmetrical di pole , I t was necessary to intro-

duce a 6 dB attenuator into the feedlir,e of the monopole in order to main-

tain tire same current amplitudes in the two collinear antennas. A pinase

shifter was used to adjust tine relative phases of the two driving voltages.

A svtrunetr ical  exc i ta t ion  w i t h  both antennas  driven in p hase with c u r r e n t s  of

equal amplitude w~’ obtained with a 50 cm air—filled coaxial line inserted

in one of the feedlines . Remova l of this 50 cm line yielded ao-cisyinrnetrical

excitation with the two currents equal in amplitude hut 1800 o u t  of phase.

Tire feedline for th e dipole was completely submerged in the water tank

to  reduce interference with the antennas. Because of t i m e  a t t e n u a t i o n  ex-

perIenced by f ie lds  in the water solution , no detectable change in tire cur-

rent di s t n i i ’ntion s co nn id he observed when the submerged cable was moved from

one pos itkon to another.

‘<e su lt s  o~ tine measurements are summarized in Tables 1 through 5. It

- n  seen t h a t  a c e i m p l i n g  e f f e c t  is in general negli gible. The greatest effect

-

~ 
, ; ob served , ;cn the  an t ennas  were q u i t e  h igh above t h e  loss’-- n -medium (d ~
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0. 18-h )) wi t i r  t i n e i r  m i l l ace n t e n d s  sep a r a t ed  f rom each o t h e r  i’v a s na i l  gap

ii n i’  
~~~~

) r i n d  n ’ I n c n  t i r e  r i e d i nnrm m a d  h i e t m  c o n d u c t i v i ty  (g = 4 . 2  S i/ r n ) . Pven

in tin i s  c r — u t ’ ( 1mm! -  1 ~‘ 4) t i r e  n t r t u a l  i o t r ’  r a n t  ion - m l l n s e m !  a c i na nge of no more

t t ;~u ; 1(1 ° i~i t c p hase and u-n o more t h a n  I dB in t i e  ,nn p l  I t  n u m b ’  of the  c u r r e n t

;rt a t e n .  p o i n t s  ;n l orr g the  an t einrn ;r as compared  to  c ‘-  c u r r e n t  on a single ,

- ‘ m m  Ut t ed  bev era ge  a n t e n n a .  Tine coup l i m p  decreased as t be gap r was increased ,

as t a n  ! n * ’ j p l m t  d n’as decreaseel , and as t i n e  c o n d u c t iv i ty  o o~ t b -  n : a t ( - r  n~as re—

d n i c e d .

In general , tine currents on driven Beverage antennas in tine collinear

pos i t  j oin are l a r g e l y  independen t  and l i k e  those  on t i re  same e l emen t  winen iso—

lat ed.
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TABLE 1

CURRENT ON MONOPOLE IN COLLINEAR ARRAY OF TWO BFVERAC.E ANT E NNAS

(Amplitude/Phase)

d 2.5 cm , g 1.2 cm , o = 0.09 Si/rn

Sym metrical Single Ant i—Symmet r i ca l
Exci tation Monopole Excitation

.10 5.5/38° 5.5/37° 5 .6/39°

.15 5.5/18° 5.7/16° 5.6/20°

20 5 51—1° 5 5/ ~~3° 5 5/1°

25 5 51—19° 5 5/_ 2l0 5 5/—16°

30 5 4 /~ 360 5 5/ ~~~~
3 90  5 1/—33°

.35 5.2/—52 ° 5.3/—58° 5. 1 /_ S b

40 4 9/—71 ° 5 0/ 74 0 4 m~ 7fl0

.45 4.6/~ 9l0 4.7/—94°

.50 4.4/~ 1120 4.5 /—117° 6. n i ] ~~°

.55 4 .3/—133° 4 .5/—137° 4.3/— 131 °

.60 4.3/—153 ° 4,5/—l57 ° 4.3 /—1 51 °

.65 4 . 4/~ 1720 4.6/—174° ~- . 3/ — l 6 °~

.70 4 . 4 /1 7 2
0 4 . 7 / 1700 4 . 3 / 1 7 4 °

.75 4.4/157° ~..6/ l 55 0 4 .3 /15 80

.80 4.2/14c ° o .3/l39° 4.0/142°

.85 3 . 9 /1 ]0  3.8/1210 3.7/123°

.90 3.7/104° 3.6/103° 3.5/103°
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TABLE 2

CURRENT ON MONOPOLE IN COLLINEAR ARRAY OF TWO BFVERA (’-E ANTENNAS

Fm (Amplitude/Phase)

d ~ 13 ciii , g — 1.5 cm , 0.09 Si/rn

Synurretrical Single Anti—S ymmetrical
Excitation Monopole Excitation

10 5 1/29 ° 5 5/33 °  5 7/ 3 7 °

15 5 4 /6 50  5 5/13° 5 7/18°

20 5 6/~~130 5 5/ -~ n ° 5 5/ 0°

.25 5.9/—29° 5 . 6 1—2 2° 5.5/—18°

.30 6.01—44° 5~~~~5 /_ 3 9
0 5.3/—36°

35 6.01—58 ° 5.3/—~ 7° 5.11—55 °

40 5 5/—74 ° S 1/—75° 5 01—75°

5 11—9’” 4 9/— 95° 5 O/—~ 5°

50 4 6/—113° 4 8/—116° 4 9/—11~~°

.55 4.6/—135° 4.91— 135° 5.2’-434°

4 6/_ 1 —,mu ° 5 O/—~ 5S° 5 “ ‘—151°

.65 4.9/—178° 5.l/—F’2° 5.31—167°

5.2/lf5 ° 5.3/172° 5.2/17°°

.75 5.5/151° 5.3/L~~° S .2/162°

80 5 5/137° 5 1 ‘1’-~~° 4 9 144°

.85 5.3/123° 4.9/122° 4.6/127°

.Y0 5.0/107° 4.7/104° 4.4/106°
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TABLE 3

CURREN T ON MONOPOLE IN COLLINEAR ARRAY OF TWO BEVE RACE ANTENN AS

(Amplitude/Phase)

d 13 cm , g = 18 cnn , a = 0.09 Si/rn

Symmetrical Single Anti—Synunetrical
Excitation Monopole Excitation

10 5 4/ 34
0 5 5 / 3 30  5 5/34 °

15 5 5/130 5 5/13 0 5 5/14°
20 5 4 1—7 ’ 5 5/—6 ’ 5 6/—5 °

.25 5 .6 /— 24 ° 5 .6 / — 22 °  5 .6 / —22°

.30 5 .6/— 41 ° 5. 5/— 39 ° 5
~~~ 5 /_ 3 9

0

.35 5.5/—58 ° 5.3/~ 57° 5 .4/— 56 °

.40 5.4/ ~ 75° 5 .1/— 75 ° 5 .2 / — 74 °
45 5 2 /—93 ° 4 9/~ 95 ° 5 0/—94°
50 4 9/— 113° 4 8/— 116° 4 9/—1 15°
55 5 0/— 133° 4 9/— 135° 5 1/— 135°
.60 4.9/~ 1520 5.0/— 155° 5 .2/—154°
65 5 0/— 17 1° 5 1/— 172 ° 5 3/— l7 1°

70 5 2/172° 5 3/172° 5 4/ 173°
75 5 4/ 155° 5 3/156° 5 5/158 °

.80 5. 2/140° 5.1/140° 5.4/ 141°

85 5 0/123° 4 9/122° 5 0/ 125°

.90 4.7/105° 4.7/104 ° 4.8/ 106°
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TABLE 4

CURRENT ON MONOPOLE IN COLLINEAR ARRAY OF TWO BEVERAGE ANTENNA S

(Ampli tude/Phase)

d 13 cm , g 1.0 cm , a 4.2 Si/rn

Symmetrical Single Anti—Symmetrical
Z Exci tat ion Monopole Exci tat ion

.10 6 .6/7° 7.3/12° 7.6/15°

15 6 9/— 16° 7 5/— 8° 7 6 /—4 °
20 7 3/—36’ 7 4 /— 26° 7 4 /— 2l °

.25 7.8/~ 52 0 7.4/—43° 7. 2/— 38°

.30 8 .0 /— 67 ° 7 .2/—61° 7 .0/— 57°

.35 7.9/_8l 0 7 . 1/— 78° 6.8/_760

.40 7. 5 1—96° 6.9 1—97° 6 . 7 / — 9 7 °

.45 8.9/—l14° 6.7/—117° 6.7/—1l7°

.50 6.3/—134 ° 6.6/—137° 6.9/—136°

.55 6.2/_ 1560 6 .8/—155 ° 7 .3/— 155 °

.60 6.2/—179° 6.9/—174° 7.4/—171°

.65 6.5/160° 7.0/169° 7.3/172°

.70 6.9/143° 7.0/152° 7.2/158°

— .75 7.4/128° 7. 1/135° 7.1/141°

.80 7.3/113° 6.8/118° 6.6/123°

.85 7.0/98° 6.5/101° 6.2/103°

.90 6.6/82° 6.3/82° 6.0/81°

I

n
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TABLE 5

CURRENT ON MON OPOLE IN COLLINEAR ARRAY OF TWO BEV ERAGE ANTENNAS

(Amplitude/Phase)

d = 13 cm , g = 17 cm , a 4.2 Sl/m

Symmetrical Single Anti—Symmetrical
Z Excitation Monopole Excitation

.10 6.9/13 ° 7 . 3 / 1 2
0 

7 . 4/12 0

.15 6.9/—11° 7.5/—8° 7.6/—9°

.20 6.9/—28° 7.4/—26° 7.6/—27°

.25 7.1/—46° 7.4/—43° 7.7/—44°

.30 7.1/—62° 7.2/—61° 7.6/—61°

.35 7.0/—80° 7.1/—78° 7.41—79°

.40 6.8/—97° 6.9/—97°

.45 6.6/—115° 6 . 7/ — i ll ’  7.0/—118°

.50 6.3/—135° 6.6/—137° 7.0/—137°

.55 6.4/—155° 6.8/—155° 7.31—157°

60 6 4/—175° 6 9/—174° 7 4/—175°

.65 6.4/166° 7.0/169° 7.5/168°

.70 6.6/149° 7.0/152° 7.5/152°

.75 6.9/132° 7.1/135° 7.7/ 136°

.80 6.8/115° 6.8/ 118° 7.3/ 119°

.85 6 .6/99°  6.5/101° 6.8/101 °

.90 6.3/80° 6.3/82° 6.5/82°
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